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ABSTRACT

Inhaled manganese (Mn) can enter the olfactory bulbs via the olfactory epithelium, and
can then be further transported trans-synaptically to deeper brain structures. In addition to
olfactory neurons, the nasal cavity is innervated by the maxillary division of the
trigeminal nerve that projects to the spinal trigeminal nucleus. Direct uptake and transport
of inhaled metal particles in the trigeminal system has not been investigated previously.
We studied the uptake, deposition, and clearance of soluble Mn in the trigeminal system
following nose-only inhalation of environmentally relevant concentrations. Rats and mice
were exposed for 10 days (6 hours/day, 5 days/week) to air or MnCl, aerosols containing
2.3 + 1.3mg Mn/m’ with mass median aerodynamic diameter (MMAD) of 3.1 + 1.4 um
for rats and 2.0 + 0.09 mg Mn/m’ MnCl, with MMAD of 1.98 + 0.12 um for mice. Mn
concentrations in the trigeminal ganglia and spinal trigeminal nucleus were measured 2
hours (0 day), 7, 14, or 30 days post-exposure using Proton Induced X-ray Emission
(PIXE). Manganese-exposed rats and mice showed statistically elevated levels of Mn in
trigeminal ganglia 0, 7 and 14 days after the 10 day exposure period when compared to
control animals. The Mn concentration gradually decreased over time with a clearance
rate (t;2) of 7-8 days. Rats and mice were similar in both average accumulated Mn levels
in trigeminal ganglia and in rates of clearance. We also found a small but significant
elevation of Mn in the spinal trigeminal nucleus of mice 7 days post-exposure and in rats
0 and 7 days post-exposure. Our data demonstrate that the trigeminal nerve can serve as a

pathway for entry of inhaled Mn to the brain in rodents following nose-only exposure and



raise the question of whether entry of toxicants via this pathway may contribute to

development of neurodegenerative diseases.

Key words: nose-only inhalation, PIXE, neurodegenerative disease, neurotoxicity,

manganism, metal transport



INTRODUCTION

Inhaled manganese (Mn) and other toxicants can be directly transported into the central
nervous system (CNS) via the olfactory nerve (Divine et al., 1999; Tjélve and
Henriksson, 1999, Gianustos et al., 1997, Henriksson et al., 1997, Brenneman et al.,
2000, Normandin et al., 2002). Transsynaptic transport of these toxicants has also been
demonstrated (Henriksson et al., 1997; Gianutsos et al., 1997; Tjélve et al., 1996) raising
the possibility that this mechanism may contribute to the etiology of slow-developing

neurodegeneration.

In occupational exposures, inhalation of Mn has been associated with
development of a Parkinson’s like syndrome (manganism) and the uptake and transport
of inhaled Mn via the olfactory nerves has been postulated as the underlying mechanism
in the etiology of this syndrome (Henriksson et al., 1999). The potential neurotoxicity of
inhaled Mn has raised public health concerns over the recent addition of
methylcyclopentadienyl manganese tricarbonyl (MMT) to both gasoline and diesel fuel
mixtures (Kaiser, 2003). Combustion of MMT in fuel mixtures produces particulate
matter primarily containing Mn phosphate with a mass median aerodynamic diameter
(MMAD) less than 2.5 micron (PM 2.5) (Ressler et al., 1999). Particles of this size or
smaller not only are readily respired and are associated with respiratory health problems,
but also deposit on the olfactory epithelium, raising the potential for direct CNS transport
(Cheng et al., 1989). Although environmental concentrations of Mn may not present
health concerns via deposition in the CNS resulting from systemic distribution, the

potential for direct non-systemic deposition of inhaled materials via the olfactory



pathway to result in a greater localized CNS deposition than systemic delivery has been
demonstrated (Divine et al., 1999; Tjélve and Henriksson, 1999). Recent studies show
that the regional CNS localization of Mn after inhalation exposure depends on the
solubility of Mn (Dorman et al., 2001) as well as dose and duration of exposure

(Brenneman et al., 2000, Vitarella et al., 2000).

The nasal epithelium has direct synaptic innervation from the trigeminal nerve.
Although this projection differs from the olfactory system in both nasal localization and
CNS projection, both have direct transganglionic synaptic connections within the CNS.
The fact that inhaled metals have been shown to be transported transganglionically
(Henriksson et al., 1997; Gianutsos et al., 1997; Tjilve et al., 1996) suggests that the
trigeminal system may also provide a direct route of potentially toxicant Mn entry into
the CNS. We therefore exposed rats and mice to occupationally relevant levels of Mn in a
nose-only inhalation system and measured the concentration of Mn in trigeminal ganglia
and spinal trigeminal nucleus up to 30 days after exposure using Proton Induced X-ray
Emission (PIXE). PIXE is a sensitive method to measure metals in specific anatomical
regions without interference from surrounding tissue (Divine et al., 1999). We here
present the first evidence of uptake of inhaled Mn within the trigeminal system of rats

and mice and its entry into the CNS at acceptable occupational exposure levels.



METHODS

Generation of Mn exposure atmosphere

Many forms of Mn have been shown to enter the CNS following inhalation or intranasal
exposures, with deposition dependent on compound solubility (Dorman et al., 2001).
Although the exposures reported here used environmentally relevant concentrations, the
exposure duration was relatively short compared to lifetime occupational or
environmental exposures. Therefore the highly soluble chloride compound (which is
more soluble than manganese phosphate) was used to maximize our ability to detect
regional deposition with even these relatively short exposures. Previous studies from our
group and others have demonstrated that inhaled MnCl, is successfully transported into

the rat brain via the olfactory route (Bench et al., 2001, Brenneman et al., 2000).

The Mn exposure atmosphere was generated from a MnCl, solution using a
RETEC nebulizer. The exposure atmosphere was characterized for both Mn
concentration and particle size distribution. For practical reasons, rats and mice were
exposed at two separate occasions. The target particle size of 2 pm mass median
aerodynamic diameter (MMAD) was chosen to ensure a high nasal olfactory deposition
(Cheng et al., 1989). The actual size distribution was 3.1 £ 1.4 pm with a GSD
(geometric standard deviation) of 2.29 & 0.47 pm for rat exposures. Size distribution was
1.98 £0.12 pm and GSD 2.3 £ 0.54 for mouse exposures. The Mn mean concentration in
the exposure atmosphere was 2.3 = 1.3 mg/m® MnCl, for rats and 2.0 +- 0.09 mg/m’

MnCl, for mice and was consistent with an environmentally relevant concentration



(OSHA 1998). Purity of the exposure atmosphere was verified by Proton Induced X-ray

Emission (PIXE, see below), showing no metals other than Mn present.

Animal exposure

Male and female 9-10 week old Fischer 344/N rats (Charles River Laboratories,
Wilmington, MA) and FVB/N mice (Taconic, Germantown, NY) were used as
experimental animals. Animals were pre-conditioned for 1-2 hours on 2 consecutive days
in the nose-only exposure restraint tubes to minimize the potential stress of a longer
exposure. Nose-only exposure was used to minimize systemic accumulation from either
skin absorption or from grooming, swallowing and subsequent gastric absorption. All
procedures adhered to Institutional Animal Care and Use Committee guidelines at

University of New Mexico and Lovelace Respiratory Research Institute.

Rats and mice were exposed to either clean filtered air (vehicle control groups) or
2.0-2.3 mg/m’ MnCl, (exposure groups) at a flow rate of 20L/min. Total exposure time
was 10 days (5 days @ 6 hrs/day, 2 days rest, 5 days @ 6 hrs/day simulating occupational
exposures). Both the vehicle control and MnCl, exposures were run concurrently for each
species. During exposures, animals were continuously visually monitored for respiration
rate, depth and regularity, and to ensure no animals turned around in their exposure tubes.
The exposure system was continuously monitored for temperature, oxygen level and Mn

concentration.

Following the exposures, the animals were returned to their cages and visually

monitored intermittently over the next 12 hours post-exposure. No acute exposure effects



on rodent behavior were observed. During the course of the exposure 7 of the male Mn
exposed FVB/N mice and 3 of the male control mice received bite wounds requiring
treatment consisting of daily cleaning with sterile saline and application of nolvasan, a
triple antibiotic ointment containing Neomycin, Polymixin B Sulfates, Bacitracin and
Zinc (Bauch and Lomb). Three of the Mn exposed mice and one of the control mice were
treated for eight days and the remaining four Mn exposed mice and two control mice
were treated for thirteen days. These animals were distributed across the sacrifice groups
to reduce any bias from this treatment. Post-mortem analysis showed no difference
between antibiotic-treated mice and other mice in the same experimental group with

regard to Mn uptake (p = 0.8).

Animal sacrifice and morphological processing

Five animals per exposed group and 3 animals per control group were euthanized at each
of the time-points 2 h (0 day), 7, 14 and 30 days post-exposure. All animals were
sacrificed by CO; inhalation followed by exsanguination and intracardial perfusion with
physiological saline. The brain and trigeminal ganglia were removed and immediately
quick-frozen in 2-methylbutane cooled in dry ice to -40° C. Frozen tissues were stored at
-80° C until cryosectioned. Only fresh frozen tissues were used to avoid metal artifacts

from trace contaminants in fixatives and solutions.

One hemisphere of each brain was cryosectioned sagittally at 10 pm thickness
through the spinal trigeminal nucleus (1.3-1.9 mm lateral of midline for mouse and 1.9-
3.4 mm lateral of midline for rat according to Paxinos and Franklin, 1997, and Paxinos

and Watson, 1986, respectively). Trigeminal ganglia were cryosectioned at the same



thickness. Tissue sections were mounted on nylon foils and freeze-dried for PIXE
analysis (see below). In addition, adjacent spinal trigeminal nucleus sections were
mounted on glass slides and stained with hematoxylin and eosin (H&E) to visualize
general morphology. The area including the caudal, interpolar and oral part of the spinal
trigeminal nucleus (Sp5, according to Paxinos and Franklin, 1997 and Paxinos and
Watson, 1986) was encircled on digital images of the H&E stained sections in order to
facilitate positioning for PIXE analysis (Figure 1). This region was chosen to ensure
measurement of trigeminal projections. A malfunction of a —80°C freezer prior to
cryosectioning resulted in the loss of 14 day control and 30 day exposed trigeminal rat

ganglia as well as 30 day control and exposed spinal trigeminal nucleus rat tissue.

Proton Induced X-ray Emission Analysis for Mn determination

Spinal trigeminal nucleus and trigeminal ganglia were analyzed for Mn and other metal
content using PIXE and Scanning Transmission lon Microscopy (STIM) at the nuclear
microprobe facility within Lawrence Livermore National Laboratory (Roberts et al.,
1999). Proton Induced X-ray Emission (PIXE) is an x-ray fluorescence technique that can
use focused MeV energy proton beams to interrogate specimens and has been previously
used by this group to study olfactory uptake of inhaled metals (Divine et al., 1999). It
provides accurate quantitation, simultaneous multi-element detection and is capable of
micron scale spatial resolution whilst maintaining down to 1 mg/kg elemental sensitivity
(Mauthe et al., 1998). PIXE analysis allows for reliable and sensitive (in the range of 1
picogram) measurement of Mn in specific anatomical regions without interference from

surrounding tissue (Bench et al., 2001).



For PIXE analysis, x-rays were detected with an energy dispersive HpGe detector
that subtended a solid angle of ~120 millisteradian to the specimen. The detector was
located at a scattering angle of 135 degrees. Charge was collected in a biased Faraday cup
located behind the sample. Trigeminal ganglia and spinal trigeminal nucleus were
examined with beam currents of up to 10 nA, for doses of up to 15 microcoulombs. X-ray
spectra were stored on computer and analyzed off-line. PIXE and STIM data were
obtained using incident 3 MeV proton microbeams. Spinal trigeminal nuclei were
identified using H&E stained images of adjacent sections to guide the position of the
beam on the associated freeze-dried section using a 40x optical microscope within the
microprobe specimen chamber. An absolute encoder-controlled sample stage was used to
position the feature of interest in the beam path with a precision of better than 10 pm.

The size of the beam spot was adjusted to enable analysis of features with different areal
dimensions. The beam spot size was maximized to interrogate as much of the feature of
interest while avoiding interrogation of surrounding material. Beam spot sizes were

square or rectangular and varied between 0.1 x 0.1 mm and 1 x 1 mm.

Following PIXE analysis, STIM was used to measure the residual ion energy of
the proton beam after traversing the sample (Lefevre et al., 1987; Bench, 1991; Lefevre et
al., 1991). For STIM, beam currents were reduced to a few thousand ions per second. The
energy of individual ions after traversing the specimen were measured with a retractable
charged particle silicon surface barrier detector located approximately 5 cm directly
behind the sample and in front of the Faraday cup. The surface barrier detector was
retracted from the path of the beam during PIXE measurements (the million fold higher

beam currents used for PIXE rapidly result in catastrophic detector damage). The median
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value of ten thousand residual ion energies was selected to represent the average residual
energy of the ion beam after traversing the sample (Lefevre et al., 1987). Incoming

protons typically lost ~ 40 KeV in traversing the freeze-dried tissue sections.

X-ray spectra were analyzed using the computational iterative PIXE spectrum
fitting code PIXEF to extract characteristic x-ray peak areas (or yields) for elements of
interest (Antolak and Bench, 1994). The incident and residual proton energies were used
to convert x-ray yields to element concentrations using PIXEF assuming the composition
of the biological material to be CsHyO,N. This assumption enables one to accurately
model the slowing down of the proton beam as it passes through the sample and
attenuation of the x-rays as they traverse the sample prior to detection and therefore
obtain accurate mg/kg elemental concentrations. It has been shown that this assumption
accurately models ion energy loss in a whole variety of biologic materials with an

accuracy of better than 90 % (Lefevre et al., 1987; Bench, 1991; Lefevre et al., 1991).

To verify the system calibration for Mn quantitation, thin film organic matrix
standards containing Mn at concentrations of 21,80 and 100 mg/kg were analyzed under
the same conditions used for analysis of tissue sections each day tissues were analyzed.
Measured Mn contents from both standards were always within 5 % of the known Mn
contents. Analysis of the standards also revealed that minimum detection limits for Mn in

an organic matrix under the analysis conditions were ~ 1 mg/kg.

Statistical analysis

Mn concentrations were measured in left and right trigeminal ganglia and in spinal
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trigeminal nucleus from one hemisphere of the brain. Within- animal (bilateral)
homogeneity of Mn concentrations was assessed graphically and with Spearman’s rank
correlation analysis before measurements were averaged and analyzed further. Effects of
species, gender, exposure, and days post exposure on Mn deposition in trigeminal ganglia
and spinal trigeminal nucleus were evaluated using generalized linear model analysis of
variance models where variances were modeled as log-linear functions of exposure type
(Littell et al. 1996). Heterogeneous variance models were used because we expected that
the variance for exposed animals would be greater than for controls. Dunnett’s multiple
comparisons tests were used to compare least-squares adjusted mean concentrations in
exposed animals to pooled controls at different time points. Mn clearance rates from
trigeminal ganglia and spinal trigeminal nucleus were estimated by nonlinear regression

assuming a first order loss model:

C(t) = Eeontmlx + ﬂ067ﬂ1

5

where

* (C(t) is average Mn concentration at ¢ days post exposure with # rounded to integer

values (0, 7, 14 30)

.
Ccon trols

is the average concentration in control animals over the study
* [, estimates the increase in Mn concentration over controls at 0 days post

exposure

e Ais the loss rate (d'l) of Mn.
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RESULTS

Manganese Uptake, Deposition and Clearance in Trigeminal Ganglion

Previous data from inhalation exposures has indicated nasal bilateral asymmetry in
toxicant deposition and toxicity, so side-to side comparisons of trigeminal ganglion
deposition were evaluated (Lewis et al., 1994). With few exceptions Mn concentrations
in rat and mouse trigeminal ganglia was very similar for each side analyzed. There was
no consistent difference between sides and the estimated correlation between left and
right trigeminal ganglion was 0.77 for rats and 0.88 for mice. However, within-animal
variation in trigeminal ganglion for rats (mean standard deviation = 0.72) was greater
than for mice (mean standard deviation = 0.29). One female rat in the day 0 group
showed apparent unilateral uptake of Mn (right trigeminal ganglion 7.5 mg/kg, left
trigeminal ganglion 1.6 mg/kg). Because of the bilateral consistency in all but this
animal, left and right trigeminal ganglia results for each animal were averaged before

additional analyses.

Air exposed control mice did not display trends over time for Mn concentrations
(P =0.4, Figure 2A) and there was no gender-related difference in average Mn
concentrations of controls (P = 0.7). Average control mouse trigeminal ganglion Mn
concentrations were 1.7 mg/kg, (95% confidence limits for mean (CLM) = 1.5 to 1.8 and
95% confidence limits for an individual prediction (CLI) = 0.9 to 2.4). Manganese levels
in trigeminal ganglion of Mn-exposed mice were highest at 0 days post exposure and
gradually declined (Figure 2A), and changes in Mn concentration were not affected by

gender (Table 1). When compared to pooled controls, average Mn concentrations in
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exposed mice were significantly elevated at 0, 7, and 14 days post exposure but not at 30
days post exposure (or 90 days post-exposure, not shown). The size of this increase at 0
days was 3.0 + 0.4 (SE) mg Mn /kg; 1.8 + 0.3 at 7 days; and 0.7 + 0.2 at 14 days.
Residual variation was about 6 times greater in exposed mice than in controls. The
number of exposed mice with trigeminal ganglion Mn concentrations greater than the
upper 95% CLI for the pooled control groups was as follows: day 0, female = 5/5 and
male = 5/5; day 7, female = 5/5 and male = 4/5; day 14, female = 2/5 and male = 3/5; day

30, female = 0/5 and male = 0/5; and day 90, female = 0/5 and male = 0/5.

Mn concentrations in control rat trigeminal ganglion were similar as in mice and
without significant variation due to gender (P = 0.4) or days post exposure (P= 0.8,
Figure 2B). The average concentration of Mn in control rat trigeminal ganglion was 1.7
mg/kg (CLM = 1.5 to 1.9 and 95% CLI = 0.8 to 2.5). Mn concentrations were
significantly increased in exposed rats immediately following exposures (0 days) and
levels declined over time (Figure 2B, Table 1). Gender did not affect trigeminal ganglion
Mn deposition in exposed rats (Table 1) and average Mn concentrations were
significantly higher in exposed rats at 0 days (3.5 + 0.2), 7 days (1.9 + 0.3) and at 14 days
(1.2 + 0.3) post exposure when compared to pooled controls (Figure 2B). Residual
variation for exposed rats was about 6 times the variation of control rats. The number of
exposed rats with trigeminal ganglion Mn concentrations greater than the upper 95% CLI
for the pooled control rats was as follows: day 0, female = 5/5 and male = 5/5; day 7,
female = 4/5 and male = 3/5; and day 14, female = 3/5 and male = 4/5. Due to the loss of
rat trigeminal tissue (see Materials section), Mn content in exposed animals was not

analyzed after 14 days.
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Clearance model analyses indicated that exposed rats and mice had similarly
elevated Mn concentrations in trigeminal ganglion at day 0 (B0 = 3.51 mg/kg and 3.10
mg/kg increases, respectively, Table 2) and that clearance rates were similar (0.084 d™!
for rats and 0.094 d’! for mice). These clearance rates resulted in a ty2 , mouse Of 7.4 days,

and a t;, r Of 8.3 days.

In summary, these data demonstrate a significantly elevated concentration of Mn
in both rat and mouse trigeminal ganglia immediately after the 10 day inhalation
exposure followed by a gradual decline in trigeminal Mn content to control levels over 30

days.

Manganese Uptake, Deposition and Clearance in Spinal Trigeminal Nucleus

Concentrations of Mn in the spinal trigeminal nucleus of air (vehicle)-exposed mice did
not display trends over time for Mn concentrations (P = 0.2, Figure 3A), but there was a
small difference between genders (P = 0.05) after adjusting for daily variation in
concentrations. Average control mouse spinal trigeminal nucleus concentrations for
females were 3.4 mg/kg (CL =3.2to 3.6 and CLI = 2.7 to 4.1) compared to 3.7 mg/kg for
males (CL = 3.5 to 3.9 and CLI =3.0 to 4.4). The average concentration for genders
combined was 3.6 mg/kg (CL =3.4 to 3.7 and CLI = 2.8 to 4.2). Because Mn
concentration in mouse spinal trigeminal nucleus was not significantly different for
genders (P = 0.10, Table 3), control groups could be pooled for further comparisons.
Manganese concentration in spinal trigeminal nucleus from Mn-exposed mice was
different from pooled controls at day 7 but not for other days (Figure 3A). The difference

between the spinal trigeminal nucleus Mn concentration on day 7 relative to pooled
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controls was 0.6 + 0.2 mg Mn /kg (P <0.001). Exposed mice were about 2 times as
variable as controls. The number of exposed mice with spinal trigeminal nucleus Mn
concentrations over the upper 95% CLI for the gender-specific control groups were as
follows: day 0, female = 1/5 and male = 0/5; day 7, female = 3/5 and male = 1/5; day 14,

female = 2/5 and male = 0/5; and day 30, female = 0/5 and male = 0/5.

As in mice, Mn concentrations in spinal trigeminal nucleus from control rats did
not vary significantly with gender or days post exposure. The average control spinal
trigeminal nucleus concentration for control females was 3.5 mg/kg (CLM = 3.2 to 3.8
and CLI = 2.5 to 4.5) compared to 3.6 mg/kg for males (CL =3.3 to 3.9 and CLI=2.6 to

4.6) and 3.6 mg/kg when genders were combined (CL = 3.4 to 3.8 and CLI = 2.6 to 4.5).

In contrast to mice, rat spinal trigeminal nucleus Mn concentrations were
significantly increased at day 0 and declined over time (Figure 3B). Although analyses
indicated that complex gender x time interactions were statistically significant (Table 3),
differences in concentrations were small. At days 0, 7, and 14 the increase in exposed
female rats over pooled controls was 0.53 mg/kg, 0.54 mg/kg, and 0.23 mg/kg,
respectively, compared to 0.82 mg/kg, 0.35 mg/kg, and 0.03 mg/kg for male rats. If
genders are pooled, exposed rat spinal trigeminal nuclei contained 0.7 + 0.2 mg/kg more
Mn than controls at day 0, 0.4 + 0.2 mg/kg more Mn at day 7, and 0.1 + 0.1 mg/kg more

Mn at day 14.

Exposed rat spinal trigeminal nucleus Mn concentrations were about 5 times as
variable as for control rats. The number of exposed rats with spinal trigeminal nucleus

Mn concentrations over the upper 95% CLI for the pooled control groups were as
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follows: day 0, female = 2/5 and male = 2/5; day 7, female = 1/5 and male = 0/5; day 14,
female = 0/5 and male = 0/5.

We performed clearance model analyses on spinal trigeminal nucleus results for
rats but not for mice, because mouse results did not qualitatively match a first-order loss
model. The estimated clearance rate for rats was 0.088 d (95% CL = -0.010 — 0.186)
and the clearance half-time was 7.9 days. Average control rat concentration was 3.5
mg/kg (CL = 3.3 — 3.7) and the increase in Mn concentrations at day 0 in exposed rats

was 0.7 mg/kg (CL =0.4 — 1.0).

DISCUSSION

Data presented here indicate that trigeminal uptake of inhaled metals provides an
effective mechanism for direct entry of toxicants into the CNS. Relatively short-term
inhalation of Mn at concentrations relevant for occupational exposure results in
deposition of Mn within the trigeminal ganglia, and to a lesser degree also within the
spinal trigeminal nucleus. A robust effect is suggested due to similar trends in the data of

both rats and mice.

Manganese content in the trigeminal ganglia from exposed animals was
approximately 2-fold higher than in control animals on day 0 (2 h following the 10-day

exposure) and Mn levels declined over time to return to baseline levels at 30 days post
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exposure in mice. Although Mn concentration data were incomplete at 14 days for
control rats and 30 days for exposed rats (see Methods section), Mn concentrations and
trends in exposed rats were similar to mice. The similar trend for Mn uptake and
clearance in mice and rats strongly suggests that Mn levels had also returned to baseline

levels at 30 days for rats.

A transsynaptic transport of Mn has previously been demonstrated in the olfactory
system and we therefore investigated whether trigeminal Mn would also enter the CNS
via its projection to the spinal trigeminal nucleus. Indeed, there was a small but
significant elevation of Mn levels in rat spinal trigeminal nucleus immediately after the
Mn exposure and up to 7 days thereafter. The pattern of Mn uptake in spinal trigeminal
nucleus from mice was slightly different than for rats, a significant elevation of Mn levels
above control values was only seen 7 days post-exposure for mice. Compared to Mn
levels in trigeminal ganglion, metal uptake in spinal trigeminal nucleus was relatively
low. It is possible that the 0 and 7 day time points did not capture the peak concentration
in either species.

Although we had originally hoped to calculate a clearance curve for both species
for the trigeminal ganglion as well as the spinal trigeminal nucleus and did calculate
clearance for the rat from the spinal nucleus, the uncertainty about capturing the peak
concentrations in the spinal trigeminal nucleus in either species raises questions about the
relevance of this clearance rate. Further studies at shorter time intervals would be
necessary to characterize both deposition and clearance rates for the spinal trigeminal

nucleus. For the trigeminal ganglia, however, the deposition and clearance rates, as well
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as the peak concentrations observed are remarkably similar across the two species,

suggesting a fairly robust effect.

Evidence is accumulating that inhaled Mn can be directly transported into the
brain via the olfactory nerve (as opposed to secondary systemic transport via the lungs).
Our group and others have demonstrated that inhalation of Mn leads to substantially
higher Mn levels in olfactory bulbs than e.g. liver or kidneys, supporting a direct
transport of the metal into the brain (Bench et al., 2001, Normandin et al., 2002). In
addition, rats with unilateral nostril occlusion exposed to Mn inhalation showed elevated
Mn concentrations in olfactory bulb of the unoccluded side whereas Mn levels were
equivalent to air-exposed animals on the occluded side (Brenneman et al., 2000).
Although the neuronal architecture of the olfactory and trigeminal systems differ, the fact
that both have sensory receptors within the nasal epithelium and project directly to the
CNS suggest that similar pathways for toxicant entry may exist. The consistent
deposition of Mn observed within the trigeminal ganglia as well as the somewhat lesser
deposition in the spinal trigeminal nuclei are consistent with transport to the spinal
nucleus through projections from the ganglia. These data support the conclusion that a
similar pattern of uptake may occur within the trigeminal system as has been observed in
the olfactory system, and that direct trigeminal uptake of Mn from the nasal cavity is
responsible for the increased Mn deposition in the spinal trigeminal nucleus in our

current study.

To our knowledge, no other study has demonstrated trigeminal uptake of metals
after inhalation exposure of environmentally relevant doses. A previous study by Moller-

Madsen et al. (1992) investigated the distribution of mercury in brain after inhalation
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exposure of mercury vapor, which differs in uptake dynamics from mercury metal. In
Moller-Madsen’s study, mercury was found in several brain regions, including the
mesencephalic nucleus of the trigeminal nerve, at an exposure of 500 ug/m3 for 4-8 h.
However, at the threshold limit value of 50pg/m® for 8 h, mercury was found only in

vessel walls and not in trigeminal nucleus or other brain regions.

Several investigators, including our group, have previously focused on the
olfactory route as a mechanism for deposition of inhaled metals into the CNS in
concentrations greater than those found with systemic distribution and without
penetrating the blood-brain-barrier. The possibility that a similar route of entry can occur
via the trigeminal pathways posses additional questions concerning the possibility of a
direct role of inhaled toxicants in neurodegenerative disease. Although the intranasal
chemosensory trigeminal system does not appear to be affected by the neuronal
degeneration seen in Parkinson’s disease (Barz et al. 1997), a link between substantia
nigra pars reticulata and spinal nucleus of the trigeminus controlling the blink reflex has
been suggested (Basso et al. 1996). Hyperexcitability reflex blink is frequently seen in
patients with Parkinson’s disease. It is also worth noting that trigeminal motor neurons
are affected in a subset of cases with Amyotrophic Lateral Sclerosis (ALS) (e.g. DePaul
et al. 1988), a neurodegenerative disease primarily linked to degeneration of spinal motor
neurons. Although about 20% of ALS cases are familial, the cause for the remaining 80%
is not established, but environmental factors have been implicated (McGuire et al. 1997,
Kamel et al.2002). In addition, trigeminal motor neurons contain a lower degree of
calcium-chelating protein parvalbumin than cranial neurons not affected in ALS (e.g.

oculomotor and trochlear neurons) (Reiner et al. 1995), raising the possibility that
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trigeminal Mn uptake could lead to severe long-term effects because of an impaired
resistance to excitotoxic and oxidative stress in trigeminal motor neurons. Whether
chronic exposure of environmentally relevant doses of Mn causes clinical and
pathological features similar to those seen in neurodegenerative disorders remains to be
established. Therefore, potential for direct toxicant entry to the CNS via the trigeminal
route suggests a new avenue for research in the development of neurodegenerative

disease.
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Table 1. Analysis of variance summary of factors affecting Mn deposition in mouse and rat trigeminal

ganglion.

Species  Source Numerator df Denominator df F-value P - value

Mouse  Exposure 1 58 75.18 <0.001 ***
Day 4 58 26.22 <0.001 ***
Exposure x Day 4 58 17.64 <0.001 ***
Gender 1 58 0.16 0.69
Exposure x Gender 1 58 0.45 0.50
Gender x Day 4 58 0.14 0.97
Exposure x Gender 4 58 0.76 0.56
x Day

Rat Exposure 1 35 147.19 <0.001 ***
Day 3 35 13.12 <0.00]1 ***
Exposure x Day 1 35 10.4 0.003 **
Gender 1 35 0.44 0.51
Exposure x Gender 1 35 0.00 0.98
Gender x Day 3 35 0.12 0.95
Exposure x Gender 1 35 0.02 0.89
x Day

** P <0.01, *#** P <0.001
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Table 2. Parameter estimates (95% CL) for predicting clearance rate (A) and half-time (t;, ) of Mn from

mouse and rat trigeminal ganglion, C(¢) =C_ .+ ﬁoe_ﬂday y

Spe(:ies 6’Contruls (mg/kg) ﬂ() (mg/kg) M (l/d) t1/2 (d)
Mouse  1.62 (1.41 - 1.84) 310 (2.63-3.57)  0.094(0.061-0.127) 7.4 (55— 11.4)
Rat 1.67 (1.30 - 2.04) 351(2.92-4.11)  0.084(0.050-0.116) 83 (6.0-13.9)
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Table 3. Analysis of variance summary of factors affecting Mn deposition in mouse and rat spinal

trigeminal nucleus.

Species Source Numerator df Denominator df F-value P -value

Mouse Exposure 1 48 1.96 0.17
Day 3 48 5.17 0.004 **
Exposure x Day 3 48 2.83 0.05
Gender 1 48 1.01 0.32
Exposure x Gender 1 48 2.8 0.10
Gender x Day 3 48 1.23 0.31
Exposure x Gender x Day 3 48 0.65 0.58

Rat Exposure 1 35 19.29 <0.001 ***
Day 2 35 1.24 0.30
Exposure x Day 2 35 5.41 0.009 **
Gender 1 35 0.87 0.36
Exposure x Gender 1 35 1.64 0.21
Gender x Day 2 35 6.28 <0.00] ***
Exposure x Gender x Day 2 35 2.06 0.15

** P <0.01, ¥** P <0.001
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FIGURE LEGENDS

Figure 1. Sagittal section from rat brain stained with Hematoxylin and Eosin to visualize

general morphology in order to localize the spinal nucleus (“SP”, encircled area).

Figure 2. Mn concentrations in mouse and rat trigeminal ganglia0-30 days after 10 days
inhalation exposure to MnCl,. For both mice (A) and rats (B), Mn levels were
significantly elevated in trigeminal ganglion immediately after Mn exposure and levels
gradually declined over time. Error bars are + one standard error of the mean, and
asterisks denote results from one-sided Dunnett’s tests that exposed animals have higher

concentrations than pooled control animals (** P <0.01, *** P <(.001).

Figure 3. Mn concentrations in mouse and rat spinal trigeminal nucleus 0-30 days after
10 days inhalation exposure to MnCl,. There was a small but significant elevation of Mn
levels in mouse spinal trigeminal nucleus at 7 days post-exposure (A) and in rat spinal
trigeminal nucleus 0 and 7 days post-exposure (B). Error bars are + one standard error of
the mean, and asterisks denote results from one-sided Dunnett’s tests that exposed
animals have higher concentrations than pooled control animals (* P <0.05, ** P <0.01,

*xk P <0.001).
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Fig 1
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Fig 2
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Fig 3
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